Abstract The main objective of this research was to investigate the unsaturated shear strength properties of the compacted expansive soil from Regina (Saskatchewan, Canada). Laboratory investigations on a typical expansive clay (liquid limit of 77% and plastic limit of 27%) were conducted using both saturated and unsaturated samples. Results indicated that the SWCC had one AEV of 10 kPa for w and h and two AEVs for S: 10 and 7000 kPa due to drainage through inter-clod pores and soil matrix, respectively. Most of the shrinkage occurred around S & 80%, whereas desaturation before and after this value was associated with small changes in void ratio. Likewise, the peak stress on the dry side of optimum along with the initial gradient of the stress-displacement curve of up to 250 kPa and 13,350 kPa/mm, respectively, decreased to 170 kPa and 5670 kPa/mm on the wet side of optimum. The variation in cohesion followed the compaction curve and increased from 24 kPa on dry side to 65 kPa at optimum and then decreased to 33 kPa on wet side. The friction angle followed an L-shaped trend and decreased from 44°on dry side to 29°at optimum and to 27°on wet side. Finally, the S-shaped / b curve was in agreement with compaction characteristics and the SWCC. The / b curve comprised 1°increase on dry side (and approaching residual suction), 12°increase around optimum (between AEV and residual suction), and 2°increase on wet side that tended to approach / near saturation.
Introduction
Expansive soils are characterized by the presence of high amount of specific clay minerals. The shear strength parameters of these clayey soils are mainly affected by the initial water content as well as drainage and saturation conditions. In general, the expansive clays have low friction (depending on the amount of coarse particles), high cohesion (due to water adsorption by clay minerals), and significant apparent cohesion (due to water retention in a fine-grained soil matrix). In general, shear strength is improved by compaction to ensure that the soils are adequate for construction purposes. This is particularly true for the expansive soil in Regina (Saskatchewan, Canada), where good quality borrow materials are not readily available. Typical case studies, as reported in the literature, include Panesar et al. [49] and Widger and Fredlund [66] . Although chemical admixtures (such as lime [58] and calcium chloride [17] ) have been tried for soil stabilization, their use is largely precluded because of the harsh local climatic conditions and the use of de-icing salts in winter. Furthermore, Regina is going through a significant infrastructure construction activity. Large-scale projects in the provincial capital include the Global Transportation Hub, the Regina bypass, and new residential zones. The shear strength properties are extensively used in: (i) evaluation of stability of raised or excavated slopes for embankments; (ii) design of earth retaining structures for bridges and interchanges; and (iii) assessment of bearing capacity of strip, mat, and pile foundations for buildings. To ensure stability of the constructed facilities, there is a need to understand the shear strength properties of the local compacted expansive soil.
The shear strength properties [friction angle (/ 0 ), cohesion (c 0 ), and friction angle due to suction (/ b )] of compacted soils are determined using the theory of unsaturated soil mechanics. Laboratory investigations either use unsaturated samples for simultaneous measurement of all parameters in the same test [14] or saturated samples for measuring / 0 and c 0 with / b estimated from soil water characteristic curve (SWCC) [65] . These approaches are hampered by time requirement, apparatus modification, and testing expertise. Practitioners require a quick (eliminating saturation time) and simple (precluding equipment changes) method to determine shear strength properties of the local expansive soil over a wide suction range. This study proposes an approach that uses compacted (unsaturated) samples to determine friction angle and cohesion and measures soil suction to determine / b (from the extended failure envelope, as given by Fredlund et al. [23] ). / b is verified through estimation by the method of Vanapalli et al. [65] extended to the expansive Regina clay.
The main purpose of this paper is to investigate the unsaturated shear strength properties of the compacted expansive soil. Geotechnical index properties were determined for initial soil assessment, whereas the compaction curve was determined to identify appropriate test samples. The SWCC along with shrinkage curve were determined to understand water retention and volume change of the soil and for subsequent analyses. The direct shear tests were conducted to understand the variation of shear strength properties with water content and soil suction. Figure 1 shows the shear strength failure envelopes for soils. Denoting shear stress at failure by s f , effective cohesion by c 0 , total normal stress at failure by r n , effective normal stress at failure by (r n -u w ) f , pore-water pressure at failure by u w , and effective friction angle by / 0 , the failure criterion for saturated soils (Fig. 1a) is given by the following expression [61] :
Literature review
Fredlund et al. [23] extended the above failure envelop to unsaturated soils (Fig. 1b) by denoting suction at failure by (u a -u w ) f and the slope of the envelop along the suction axis by / b , as described by the following equation:
Equation 2 assumes a constant / b as shown by the planar graph in Fig. 1b . A different equation is not required to capture the effect of variable / b . Instead, the failure envelope can be linearized by translating the portion corresponding to lower soil suctions onto the shear stress versus net normal stress plane [25] .
The shear strength properties of unsaturated cohesive soils can be determined by controlling suction and shearing the sample in a modified apparatus, such as the modified triaxial test [14] , the use of axis translation in the modified triaxial test [31] , the modified ring shear test [53] , and the modified direct shear test [26] . Miao et al. [44] customized the triaxial test to capture volume changes of natural expansive clays (Guangxi, China) and concluded that these variations arise from microstructural re-adjustment during shearing. A similar approach was adopted by Zhan and Ng [69] to include dilation of expansive clays (Hubei, China) in the direct shear test. Furthermore, Ng et al. [47] / b was found to be up to 4°higher when determined by the former method. Katte and Blight [37] showed that changes in osmotic suction have negligible influence on the shear strength parameters of compacted limestone powder. Overall, the modifications of the apparatus are expensive, the shear strength testing requires experience, and the entire testing process is time-consuming especially when volume is measured. To overcome these disadvantages, the alternative approach is to separately determine soil suction and shear strength of expansive soils. For example, Bai and Liu [11] measured matric suction using the filter paper method and shear strength parameters using a conventional direct shear test. The current paper extends the above study using a potentiameter to measure total suction.
Several indirect methods have been proposed to determine the saturated shear strength parameters in a conventional apparatus and using the SWCC to estimate / b [12, 38, 48, 52, 60] . A simple equation to estimate the friction angle due to suction (/ b ) is given as follows [65] :
The above equation uses the SWCC to obtain the volumetric water content (h w = product of gravimetric water content, w, and dry unit weight, c d ) and the saturated volumetric water content (h s ), a fitting parameter (j), and the friction angle / 0 determined under saturated conditions. Ye et al. [68] recently concluded that the above equation is best suited for weak expansive clays. This study utilizes Eq. 3 in conjunction with Fig. 2 [plot of the fitting parameter, j, as a function of the plasticity index (Ip)] to verify the measured / b . The current figure presents published data and the best-fit curve for an Ip of up to 35%, as developed by Vanapalli and Fredlund [64] . The best-fit equation resulted in j = 2.90 for Regina clay (Ip = 50%, as reported later in this paper). Furthermore, the curve for compacted clays based on data with an Ip of up to 25% (Garven and Vanapalli [29] was found to match quite well with the above-mentioned best-fit equation and is assumed to be horizontal beyond an Ip of 30%. In contrast, the curve for expansive clays was developed for an Ip = 15% [28] . Therefore, the current study used the best-fit equation of Vanapalli and Fredlund [64] which was closest to the Ip of the investigated Regina clay. Table 1 summarizes the measured shear strength parameters of unsaturated cohesive soils with various degrees of expansiveness. The geotechnical index properties have also been reported for preliminary soil assessment. Several compositional and environmental factors as well as test conditions affect the shear strength properties of this class of sedimentary soils. All the shear parameters are usually high when measured using the triaxial test compared with those from the direct shear test [13] . Previous work has shown that the latter test is very practical for unsaturated soils owing to short sample drainage, despite issues with stress concentrations, pre-defined failure plane, and rotation of principal stresses. The table indicates that the higher the water adsorbing capacity (indicated by the high consistency limits), the higher the cohesion, and the lower the friction [56, 57] . This should be attributed to swelling of the sample due to clay hydration and the associated changes in soil microstructure [41] . Likewise, an increase in water content generally results in a decrease in friction angle and an increase in cohesion: a clearly discernible trend does not exist for variations in dry unit weight. Whereas / b is not usually measured, its value approaches / 0 at low suction (near saturation). Cokca et al. [16] attributed the high friction angle measured for Ankara clay to a low water content (high suction) of the sample. The current paper applies the theory of unsaturated soil mechanics to compacted expansive clays and develops a physical understanding of the shear strength properties of such soils.
Laboratory investigations
The expansive Regina clay was obtained from a local pit in accordance with ASTM D1452-09 [2] . The soil originated from pro-glacial deposition of fine-grained materials and underwent weathering at controlled drainage in a semi-arid climate [15] . This environment supported the development of active clay minerals (such as smectite, hydrous mica, and chlorite) in the soil, and, as such, the present day sediment exhibits high water adsorption and retention [36] . The samples were retrieved in sealed containers and transported to the Geotechnical Testing Laboratory at the University of Regina for storage at 21°C.
The specific gravity (G s ) and consistency limits were determined according to ASTM D854-10 [1] and ASTM D4318-10 [7] , respectively, and the clay was classified using ASTM D2487-11 [5] . Likewise, the compaction test was conducted as per ASTM D1557-12 [3] . The pulverized dry clay was sieved to obtain material finer than 0.425 mm. Pre-determined amounts of water and clay were mixed, allowed to equilibrate for 24 h in plastic bags, and dynamically compacted in three layers thereafter. The gravimetric water content (w) was determined according to ASTM D2216-10 [4] and used in conjunction with the measured sample weight and volume to determine the dry unit weight (c d ) using phase relationships.
The drying SWCC was determined according to ASTM D6836-02 [9] using 10 mm thick and 40 mm round specimens cored through a compacted sample on the wet side (w = 30% and c d = 14.5 kN/m 3 ) to minimize hysteresis during pre-wetting [10] . The specimens were put in circular rings, placed on appropriate pre-saturated porous plate/cellulose membrane, and allowed to saturate in a bathtub thereby achieving w = 46% and c d = 11 kN/m 3 . Known suctions were applied using a pressure plate extractor for values between 5 and 450 kPa and pressure membrane extractor for values between 450 and 1000 kPa. The air-water interface in the graduated burette was regularly monitored, and the test was terminated when the change in readings was negligible over a 96 h. The measured w was converted to h and S using volume measurements on duplicate samples (described later in the shrinkage test) and appropriate phase relationships.
The dew point potentiameter (WP4-T) was used to measure suction values (2500 kPa to about 70,000 kPa). About 5 mg material was put in the sampling cup to ensure accurate measurement [40] . The sample was put in the measurement chamber and was allowed to equilibrate with the adjacent air. The device calculated suction [w = RT/ M ln (RH)] using the universal gas constant, R (8.145 J/mol-K), sample temperature, T (K), water molecular mass, M (18.01 g/mol), and the chamber relative humidity (RH). The water content of the samples was also measured, and the values were converted to other index properties, as described earlier.
The shrinkage test was conducted according to ASTM D4943-08 [8] using the water displacement method for volume measurement. The duplicate specimens (prepared similar to those for the pressure extractor test) were coated with molten wax (specific gravity = 0.9) and allowed to solidify at 21°C. Each sample was submerged in a 250 mL graduated cylinder, and the water height was measured. The displaced water was removed in a graduated syringe, its mass determined using a scale balance, and the quantity converted to water volume that pertained to the volume of the wax-coated clay. The soil volume was obtained by subtracting the volume of wax-coated sample from that of the wax (mass/0.9), and the result was corrected to account for air entrapment at the clay-wax interface [50] . The sample mass was also measured for determination of bulk unit weight and void ratio from phase relationships. Figure 3 gives the direct shear test setup. The singlestage consolidated drained test was conducted as per ASTM D3080/D3080M-11 [6] using 29 mm thick and 102 mm round samples cut from the compacted soil. The samples were placed in the shear box assembly (Humboldt 2560A Pneumatic direct/residual shear apparatus) between 
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Material two pre-saturated ceramic porous stones with a high air entry value (300 kPa), thereby minimizing suction variation during the test. Furthermore, the individual samples were allowed to equilibrate under their corresponding net normal stresses (75, 150, and 250 kPa) for up to 24 h to cancel volumetric strains and potential soil suction changes. Finally, the shear box was covered with saran wrap (not shown in Fig. 3) , and the relative humidity in the laboratory was maintained to preclude moisture loss from the sample. A horizontal displacement rate of 5 9 10 -3 mm/min was used to preclude pore pressure build up during testing [24] . The Horizontal displacement and shear stress were recorded over time using an automated data acquisition system. The test was terminated around failure (after crossing the peak stress) and the sample removed from the shear box. Triplicate sub-samples were cored through the failure plane for suction measurement in the WP4-T potentiameter.
The compacted specimen at the maximum dry unit weight was used to obtain the saturated shear strength properties (c 0 and / 0 ). The sample was flooded with water and gradually loaded to cancel the swelling deformations (no measured changes were found in soil volume) and to expedite saturation by pore air expulsion [30] . Confirmed through basic phase relationships using measured water content, sample saturation was achieved in about 2 weeks. The test samples were obtained from the saturated sample, and the above shear testing procedure was followed to ensure minimal moisture changes during the soil-shearing process.
Results and discussion
G s of the soil was found to be 2.75 which is typical of clays, that is, between 2.4 and 2.95 [61] . Likewise, the liquid limit (w l = 75%) and plastic limit (w p = 25%) indicated a soil possessing high water adsorption capacity: the Ip was calculated to be 50%. Overall, the soil classified as CH (inorganic clay of high plasticity).
Compaction pertains to the densification of soils by the application of mechanical energy [33] . Figure 4 shows the compaction curve for the investigated expansive soil with sample identified by numbers. The maximum dry unit weight was found to be 15.6 kN/m 3 at the optimum water content of 24%. The slightly higher maximum c d for the investigated clay compared to manual compaction results (14.2 [10] and 13.9 kN/m 3 [21] ) may be attributed to better control of compactive energy during mechanical compaction, used in the current study. Furthermore, the optimum water content was found to be about 90% of the plastic limit (25%), which is similar to the results for cohesive soils [55] . The increase in c d with an increase in water content on the dry side of optimum is due to expulsion of air from the pore space and particle rearrangement that decreased the pore space. Conversely, the increase in water content, albeit a constant air content, on the wet side of optimum resulted in an increased volume of water which replaced the soil particles (G s = 2.75). In general, clays compacted on the dry side and up to the optimum are characterized by a clod-rich fabric [62] , whereas those around the optimum and on the wet side possess a slightly clodded fabric [18] .
The SWCC (amount of water in soil versus soil suction) correlates with the geotechnical properties, such as volume change and shear strength of unsaturated soils [22] . In general, saturated soils undergo desaturation with increasing suction up to the air entry value (AEV) when air starts to enter into the soil pores due to capillarity. The process continues rapidly up to the residual state beyond which high suction is required to remove the adsorbed water from clays; complete desiccation is achieved at 10 6 kPa suction. Figure 5 gives the SWCC of the investigated expansive clay. The SWCC showed one AEV of 10 kPa [for w and volumetric water content (h)] and two AEVs for S: 10 and 7000 kPa due to drainage through inter-clod pores and soil matrix, respectively. The corresponding residual suction from the first two SWCCs was found to be 7000 kPa and almost 20,000 kPa from the last SWCC. The SWCCs based on water content are obtained using the water removed from the soil and are independent of volume changes (void ratio variations) in the soil. In contrast, the bi-modal S-based SWCC includes the swelling-shrinking nature of expansive soils. In such soils, drainage through inter-clod voids results in localized compressibility due to capillarity that, in turn, ensures saturated conditions at high suction [42] .
The shape of SWCC for expansive soils is governed by the index property on the y-axis. According to Azam and Chowdhury [10] , the w-based curve is the mathematically accurate representation of SWCC for compacted expansive clays, because this index property is directly measured. Likewise, the h-based curve is useful for the determination of storage capacity using part of the curve between the matrix air entry value and residual suction [24] . As explained earlier in relation to Eq. 3, this curve is used to determine the unsaturated shear strength properties. Finally, the S-based curve is best suited to represent actual sample state, because this parameter captures the microand macrolevel soil structure [35] .
The expansive nature of the soil required that SWCC be studied in conjunction with the shrinkage path [22] . Conceptually, such a curve is J-shaped showing a sloped line of decreasing void ratio and water content along S = 100% that joins a horizontal line at a constant void ratio at shrinkage limit. Compacted cohesive soils show departure from the saturation line as reported by Ho et al. [32] for glacial till and Tripathy et al. [63] for expansive soils. Figure 6 shows the shrinkage curve for the investigated expansive soil. Theoretical lines representing various degrees of saturation were obtained from basic phase relationships and using G s = 2.75. Similar to the results of Azam and Chowdhury [10] , the clay showed an S-shaped curve, such that most of the shrinkage occurred around S & 80%, whereas desaturation before and after this value were associated with small changes in void ratio. Figure 7 gives the stress-horizontal displacement curves for the investigated expansive soil (the numbers pertain to Fig. 4) . The initial test conditions of the test samples are summarized in Table 2 . Test data of samples at 225 kPa net normal stress are shown to understand variations along the compaction curve. Samples on the dry side of optimum had high-peak stresses (200-250 kPa), lowhorizontal displacements (up to 0.02) at peak stress, and high-stress-displacement gradients (12,250-13,350 kPa/ mm). Conversely, samples on the wet side of optimum had low-peak stress (150-170 kPa), high-horizontal displacement (0.03), and low-stress-displacement gradients (5570-5670 kPa/mm). According to Holtz et al. [33] , soils on the dry side have a random structure with larger clods (analogous to coarse grained particles) and soils on the wet side have an oriented structure with dispersed particles. The interlocked clods required a high stress to break and precluded horizontal displacement development thereby promoting a high modulus. Conversely, oriented clay particles slided past each other to generate a large horizontal displacement at a lower stress and, hence, a low-stressdisplacement gradient. Figure 8 plots the shear strength properties with respect to increasing water content (regular scale) and decreasing soil suction (logarithmic scale in the opposite direction). Cohesion (Fig. 8a) increased from 24 kPa (on dry side due to cohesion mobilization between the clods by water addition) to 65 kPa (at optimum) and then decreased to 33 kPa (on wet side due to the development of thicker adsorbed water films on clay particles). Similar to the findings of Cokca et al. [16] , the cohesion versus water content plot for the investigated expansive soil closely followed the compaction curve. The above cohesion data again followed the trend of the compaction curve when plotted with respect to suction. The suction values reduced from 3900 (for c = 24 kPa on dry side) to 1440 kPa (c = 65 kPa at optimum) and then further reduced to 890 kPa (c = 33 kPa wet side). Although a comparable cohesion trend over such a large suction range was not found for expansive soils, Estabragh and Javadi [20] reported a nonlinear increase in cohesion from 10 (at zero suction) to 75 kPa (at 300 kPa suction) for a compacted silt. For the investigated clay, it can be concluded that both cohesion trends strongly match the compaction curve for unsaturated expansive soils.
The friction angle (Fig. 8b ) decreased from 44°(on dry side due to interlocking between clay clods and clod/particle pulling together due to soil suction) to 29°(at optimum) and to 27°(on wet side due to increased lubrication and slippage along clod/particle boundaries). The friction angle versus water content plot for the investigated expansive soil exhibited an L-shaped trend. The is similar to the findings of Cokca et al. [16] , who reported that friction angle for a compacted expansive clay decreased from 44°to 20°for a water content range of 18-28%. The friction angle decreased by 15°with a suction decrease of 2450 kPa (from 3900 kPa through 1450 kPa) up to the optimum beyond which a small decrease of 0.5°with a suction decrease of 100 kPa (from 990 kPa through 890 kPa) was observed. These data correlate well with other published work on expansive soils. Merchan et al. [43] reported 21°decrease in friction angle for high suction ranges (1000 kPa through 75,000 kPa), whereas Ye et al. [68] showed that friction angle is a constant in the low suction range. The friction angle due to suction (Fig. 8c) followed an S-shaped curve when plotted with respect to water content that was approximated using the following straight line portions: an initial low increase of up to 1°(ranging from 6°to 7°) on the dry side due to clod/particle pulling together under capillary action, an intermediate rapid increase of up to 12°(ranging from 7°to 19°) at a water content variation of ±2% from the optimum similar to the reduction in stabilometer strength, used for embankment design, of compacted soils [33] , and a low final increase of up to 2°(ranging from 19°to 21°) on the wet side that tends to approach / because of close to saturation conditions. According to Gan and Fredlund [26] , the soil pores are mostly filled with water under low suction values (extended portion beyond measured data in / b versus suction curve in Fig. 8c ). These voids gradually decrease in size with increasing suction because of changes in water menisci within the soil skeleton. The decreasing rate of pore size reduction during desaturation results in a nonlinear decrease in the value of / b when plotted with respect to suction.
The suction range for the investigated compacted expansive clay was measured to be 890 kPa through 3900 kPa. Using the SWCCs based on water content (w and h), this range approaches the AEV (10 kPa) on one side and the residual suction (7000 kPa) on the other. Figure 8c indicates that the observed three-stage increase in / b is in agreement with the SWCC, that is, small increase of 2°when the sample approached AEV followed by a large increase of 12°between AEV and residual suction and then by negligible increase of 1°when the sample approached residual suction. The observed nonlinear variation of / b with suction correlates well with the empirical functions for clayey soils [27, 65] . Likewise, the current study is in line with shear strength variation of unsaturated soils, summarized as follows [24] : (i) negligible change up to AEV; (ii) increase between AEV and residual conditions; and (iii) insignificant change beyond residual conditions. Figure 9 plots friction angles due to suction (/ b ) versus water content. For the investigated expansive clay, the measured data and the estimated values of / b increased linearly with an increase in gravimetric water content. The high R 2 of 0.94 validates the measured data, thereby developing a simple approach for the determination of / b . The data scatter is attributed to the nonlinear decrease in the value of / b with increasing suction, as described earlier. Furthermore, the SWCC (used for / b estimation) was obtained on wet side of optimum with a dispersed fabric (orderly oriented particles) that is different from that on the dry side of optimum (randomly arranged particles). Therefore, the above scatter in the data is partly attributed to the gradually changing fabric along the compaction curve. 
Summary and conclusions
Knowledge of the shear strength properties of compacted expansive clays is pivotal for construction because of their relationships to stability of slopes and bearing capacity of foundations. Laboratory investigations on a typical expansive soil (w l = 75 and w p = 25%) were conducted using compacted samples. The main conclusions of this research are summarized as follows: the SWCC had one AEV of 10 kPa for w and h and two AEVs for S: 10 and 7000 kPa due to drainage through inter-clod pores and soil matrix, respectively. Most of the shrinkage was found to occur around S & 80%, whereas desaturation before and after this value were associated with small changes in void ratio. Likewise, the dry side peak stress and the initial gradient of up to 250 kPa and 13,350 kPa/mm, respectively, decreased to 170 kPa and 5670 kPa/mm on the wet side. Cohesion matched the compaction curve and increased from 24 kPa on dry side to 65 kPa at optimum and then decreased to 33 kPa on wet side. The friction angle followed an L-shaped trend and decreased from 44°o n dry side to 29°at optimum and to 27°on wet side. The S-shaped / b curve comprised 1°increase on dry side, 12°i ncrease around optimum, and 2°increase on wet side that tended to approach / near saturation. This three-stage increase in / b is in agreement with the SWCC, that is, small increase when the sample approached AEV followed by a large increase between AEV and residual suction and then by negligible increase when the sample approached residual suction.
